The present study examined the relationship between multiple blood pressure (BP) indices and white matter hyperintensities (WMH) in a sample of 39 older adults with cardiovascular disease (CVD). Resting BP was measured using an automated monitor every 10 min for 2 h. WMH were quantified on FLAIR images and separate indices were generated for neocortical, periventricular and subcortical brain regions. Correlation analyses revealed systolic BP variability was related to neocortical and total WMH. A function of systolic BP variability and average diastolic pressure showed the strongest relationships, including significant correlation to neocortical, subcortical and total WMH. No BP index was related to WMH in periventricular regions. Exploratory analyses showed only the function of systolic BP variability and average diastolic pressure predicted total WMH, whereas as age, CVD conditions and psychosocial factors did not. These findings demonstrate BP variability is an important contributor to WMH in older adults with CVD and suggests it may have differential relationships to WMH in different brain regions. Additional studies are needed to examine the role of autoregulatory systems in the development of WMH, particularly those using beat-to-beat measures of BP.
Introduction
Hypertension is one of the most common medical conditions in the world and more than 60 million persons have high blood pressure (BP) in the USA alone (1) . Hypertension has long been associated with increased risk for stroke and vascular dementia (2) . More recently, researchers have identified cognitive deficits associated with hypertension long before onset of stroke or dementia (3) (4) (5) (6) .
A likely explanation for these cognitive deficits involves the structural brain abnormalities associated with high BP, as hypertensive individuals exhibit more white matter hyperintensities (WMH) than non-hypertensives on neuroimaging (7) (8) (9) (10) (11) . WMH are increasingly viewed as an important contributor to normal age-related and pathological cognitive decline (12) (13) (14) (15) (16) . Both average systolic pressure and the variability of systolic pressure have linked to the presence of WMH, though findings vary somewhat across studies (17) (18) (19) (20) (21) .
No study to date has examined the relationship between BP variability and WMH in older adults with cardiovascular disease (CVD). These persons often have comorbid hypertension, exhibit WMH on neuroimaging, and show cognitive deficits on neuropsychological testing (1, (22) (23) (24) (25) 
Materials and methods

Participants
A total of 39 participants enrolled in a larger, prospective study of the neurocognitive consequences of CVD were included in the current study. Only a subset of participants in the parent study completed magnetic resonance imaging (MRI) due to the many MRI contraindications found in older adults with CVD (e.g. pacemakers). For inclusion, participants must have a documented history of CVD, be between the ages of 55 and 85, have a Mini-Mental Status Exam score w24 (26) , and have no history of neurological (e.g. seizure, stroke) or severe psychiatric disorder (e.g. schizophrenia, bipolar disorder). Sixty-seven per cent were male and participants averaged 71.41¡7.38 years of age. See Table I for demographic and medical information. . BP was measured from the left arm of subjects resting in a fasted state in a quiet, darkened room every 10 min for 2 h. Eight BP indices used in past studies were generated, including average resting pressure, standard deviation, coefficient of variability (standard deviation divided by average resting pressure) for both systolic and diastolic BP. Pulse pressure and mean arterial pressure was also used. Finally, a function of systolic variability and average diastolic pressure (systolic standard deviation divided by average diastolic pressure) was generated to determine their possible interaction.
Brain MRI and WMH quantification. Brain MRI was obtained using a Siemens Symphony 1.5 Tesla unit. A standard imaging protocol consisting of sagittal T1 (TR/TE5500/30)-and T2 (TR/TE52500/80)-weighted conventional spin-echo localizer images as well as axial T1-, T2-and FLAIR-weighted (TR/ TE56000/105) images were obtained. Only the FLAIR sequences were used in this study given the ability of this sequence to suppress the signal of the CSF and the sensitivity of this sequence to visualize hyperintensity. The slice thickness for all images was 5 mm with a 2-mm intersection gap, using a 1926256 matrix with one excitation. Each scan was screened for other confounding neurological disorders.
FLAIR images were used to quantify hyperintensities utilizing semi-automated threshold methods with good intra-and inter-rater reliability (w0.90). For each participant, hyperintensities were quantified separately for three anatomical regions: (i) hyperintensities observed in the neocortical white matter (i.e. white matter of the corona radiata), (ii) hyperintensities confluent with the lateral ventricles (i.e. periventricular areas) and (iii) hyperintensities adjacent to subcortical gray matter nuclei (i.e. caudate, lentiform nuclei and thalamus). Briefly, the raw FLAIR imaging data was imported into the commercially available Mayo Clinic software program ANAYLZEH. First, the skull was stripped and the brain stem and cerebellum were removed leaving only the total cerebral brain parenchyma. Second, using the threshold tool in ANAYLZEH, we isolated the hyperintense regions from surrounding parenchyma for each patient. Using anatomical landmarks, hyperintensities were separated and labeled for the three regions. The total number of pixels from each anatomical region was then summed across the slices. Finally, total cerebral brain volume was quantified using threshold histogram values that were only consistent with brain parenchyma. Total cerebral brain volume was used to correct each of the 
Data analysis
Analyses were modeled after past studies examining BP variability and WMH (17, 18) . Bivariate Pearson correlation was used to examine the relationship of BP indices to neocortical, periventricular, subcortical and total hyperintensities. Finally, exploratory stepwise regression analyses were used to determine the relative contribution of BP indices, cardiovascular conditions and psychosocial factors to total hyperintensities.
Results
Relationship between BP and WMH
Average resting systolic and diastolic BP were unrelated to hyperintensities on MRI (Table II) (Table III) . Only the function of systolic variability and average diastolic BP remained significant, as age, CVD conditions and psychosocial factors were not retained in the final model.
Discussion
Results from the present study show variability in systolic BP is related to WMH in older adults with CVD, particularly when examined as a function of average diastolic BP. Though past findings are mixed, greater systolic BP variability has been linked to risk of both hyperintensities and lesions (17, 18) . Several mechanisms for this relationship have been proposed, including possible breakdown in cerebral autoregulatory systems and disruption of the bloodbrain barrier (18, 27) . Finding that a function of systolic variability and average diastolic pressure is most closely related to hyperintensities implicates reduced autoregulation as a possible mechanism, but further examination in larger samples is needed to clarify this possibility.
In the present study, no relationship emerged between average pressure and WMH for either systolic or diastolic BP. Though community samples often show a relationship between hypertension and (18, 20, 27, 28) ). Sampling method is another important consideration, with studies with the widest range of BP values (e.g. community samples) often showing the largest effects (19, 28) . Although a majority of our sample of older adults with CVD had been diagnosed with hypertension (77%), they were carefully monitored and treated, which may explain their average BP of 133/69. However, past studies indicate that even treated hypertensive individuals exhibit substantial white matter changes and that methods of diastolic pressure reduction can predispose persons to greater risk of cerebrovascular disease (29, 30) . Future studies should look to more closely examine the relationship between BP and structural brain changes, particularly those using beat-to-beat measures of BP. Despite significant findings for other brain regions, no BP index was related to periventricular hyperintensities. This finding supports the belief that hyperintensities arise from different processes, with periventricular hyperintensities typically resulting from reduced myelin, gliosis, and extracellular fluid and subcortical hyperintensities from vascular changes (31, 32) . Should it be replicated, this finding may also help explain the cognitive deficits often found in older persons with hypertension, as periventricular and subcortical hyperintensities may have differential effects on cognition (33, 36) .
Our exploratory analyses suggested that systolic BP variability is an important contributor to hyperintensities in older adults with CVD. Only a function of systolic BP variability and diastolic resting pressure was retained in the regression model, whereas age, depression and comorbid CVD conditions were rejected. It is possible that this index taps into the known effects of the differential systolic and diastolic blood flow velocities on white matter lesions in past studies (i.e. pulsatility index; 37). Though they need replication in a larger sample, these findings highlight the importance of adequate BP management in persons with CVD, including regular monitoring of both systolic and diastolic levels.
Several aspects of the present study should be considered when interpreting the above results. Persons with a known history of stroke were excluded from participating in the current study. Although excluding such persons reduces internal threats to validity, our findings may not be fully generalizable to other samples of older CVD patients with stroke. Another possible limitation involves our sample size. The relatively small sample precludes determining the possible differential preventive effects of various anti-hypertensive medications (38) . Finally, findings are also limited by examining only older adults with CVD. Future studies that examine CVD patients across the adult lifespan will provide key insight into the role of BP in the development of WMH.
Taken in sum, the present study extends past research in three important ways. First, results demonstrate that systolic BP variability is an important contributor to the WMH found in older adults with CVD. Second, this relationship varies Future studies examining the possible mechanisms for the relationship between BP variability and structural brain changes are needed, particularly those examining alternative neuroimaging modalities and cognitive functioning across multiple domains. Functional imaging (fMRI, PET) and diffusion tensor imaging (DTI) studies would complement the knowledge gained from standard MRI and prospective examinations of cognitive function may yield considerable insight into the effects of BP variability on the brain. Such studies may provide key insight into the underlying mechanisms for the relationship between BP and morphological brain changes in older adults with and without CVD.
